We study the grand unification model flipped SU (5) with additional vector-like particle multiplets, or F-SU (5) for short, in the framework of General No-Scale Supergravity. In our analysis we allow the supersymmetry (SUSY) breaking soft terms to be generically non-zero, thereby extending the phenomenologically viable parameter space beyond the highly constrained one-parameter version of F-SU (5). In this initial inquiry, the mSUGRA/CMSSM SUSY breaking terms are implemented. We find this easing away from the vanishing SUSY breaking terms enables a more broad mass range of vector-like particles, dubbed flippons, including flippons less than 1 TeV that could presently be observed at the LHC2, as well as a lighter gluino mass and SUSY spectrum overall. This presents heightened odds that the General No-Scale F-SU (5) viable parameter space can be probed at the LHC2. The phenomenology comprises both bino and higgsino dark matter, including a Higgs funnel region. Particle states emerging from the SUSY cascade decays are presented to experimentally distinguish amongst the diverse phenomenological regions.
INTRODUCTION
The second phase of the Large Hadron Collider (LHC) commenced in 2015, seeking to append a discovery of supersymmetry (SUSY) to the 2012 observation of the light CP-even Higgs boson. The ATLAS experiment recorded 36.0 fb −1 of data in 2016 at a 13 TeV center-of-mass energy, while the CMS experiment recorded 37.82 fb −1 . Given this rapid accumulation of luminosity in 2016 and soon to reenergize in 2017, the supersymmetric model space is expected to be probed beyond a 2 TeV gluino ( g) mass. The most recently published data statistics from the 2015 LHC1 run collision data of 3.9 fb −1 recorded by ATLAS and 3.81 fb −1 recorded by CMS provide a lower search bound of about 1.9 TeV on the gluino mass [1] , serving as a rather strong constraint on the SUSY model space.
The beauty of supersymmetry lies in its capacity to naturally resolve several fundamental dilemmas, such as stabilization of the electroweak scale (EW), a lightest supersymmetric particle (LSP) that is stable under Rparity serving as a natural dark matter candidate, a radiative EW scale symmetry breaking mechanism, and gauge coupling unification. SUSY thus represents a promising candidate for new physics beyond the Standard Model. The SUSY search at the LHC though has returned null results thus far, with no conclusive signals yet observed. Consequently, given an experimentally measured Higgs boson mass of m h = 125.1 GeV [2, 3] , a rather heavy light stop ( t 1 ) mass, and hence SUSY spectrum overall, is necessary in minimalistic models such as minimal Supergravity (mSUGRA) and the Constrained Minimal Supersymmetric Standard Model (CMSSM) in order to generate the required 1-loop and 2-loop contributions to the Higgs boson mass due to the large top Yukawa coupling. Accordingly, the experimentally viable SUSY spectra of mSUGRA/CMSSM, which are quite heavy, may be beyond the reach of the LHC2.
The GUT model flipped SU (5) with additional vectorlike multiplets, or F -SU (5) for short, has been thoroughly examined in the framework of No-Scale Supergravity (SUGRA) [4] [5] [6] [7] [8] . In these prior analyses, the strict No-Scale SUGRA boundary conditions M 1/2 and M 0 = A 0 = B µ = 0 were applied. Given these rigorous constraints at the unification scale, the vector-like particle (flippon) mass scale M V , top quark mass m t , and low energy ratio of Higgs vacuum expectation values (VEVs) tanβ can be expressed as a function of the sole parameter M 1/2 , thus serving as a true one-parameter model. While these conditions severely constrain the model space, the resulting phenomenology uncovered is quite rich. For instance, the gluino mass scale of M g ≥ 1.9 TeV currently under probe at the LHC is the precise point in the NoScale F -SU (5) model space where the light Higgs boson mass enters into its experimentally viable range of M h = 125.1 ± 0.24 GeV, offering a plausible explana-tion as to why no discovery of SUSY has yet surfaced [8] . Furthermore, the region of the model space presently being probed by the LHC generates a relic density Ωh 2 within the very narrowly constrained 9-year WMAP and Planck measurements, as well consistency with the latest experimental results of several rare decay processes and proton decay lifetimes [8] . Additionally, adjustments to the one-loop gauge β-function coefficients b i induced by incorporating vector-like flippon multiplets flattens the SU(3) renormalization group equation (RGE) running (b 3 = 0). The effective result of a vanishing b 3 is a lighter gluino mass and lighter spectrum overall, accelerating the LHC reach into the viable parameter space. The net consequence of such strict No-Scale conditions though is a rather massive vector-like flippon mass of M V ∼ 23 − 50 TeV, well beyond the reach of the current LHC and planned future upgrades.
In an effort to search the No-Scale F -SU (5) model space beyond the highly constrained strict No-Scale condition M 0 = A 0 = B µ = 0, we now implement in this work the General No-Scale SUSY breaking terms, allowing the universal scalar mass M 0 , trilinear A-term coupling A 0 , and bilinear parameter B µ , which is the supersymmetry breaking soft term for the µH d H u term in the superpotential, to be generically non-zero. The M 0 and A 0 terms are allowed to freely float, the values of which are solely determined by the viability of the subsequent phenomenology. On the contrary, no constraint or analysis whatsoever is placed on the parameter B µ . Therefore, our applied SUSY breaking terms are M 1/2 , M 0 , and A 0 , where we implement the mSUGRA/CMSSM SUSY breaking parameters in this initial General No-Scale study. In contrast to SU (5) with mSUGRA/CMSSM SUSY breaking soft terms, we expect here that the mSUGRA/CMSSM boundary conditions implemented conjointly with F -SU (5) RGE running will allow a lighter gluino mass and SUSY spectrum, while the vector-like flippon Yukawa coupling to the Higgs boson can lift the Higgs mass into its experimentally preferred range, likewise permitting a light and testable SUSY spectrum at the LHC2. Moreover, less constrained SUSY breaking parameters can generate more flexibility on the vector-like mass scale M V , possibly supporting production of lighter flippon masses at the LHC2.
THE NO-SCALE F -SU (5) MODEL
The gauge group for minimal flipped SU (5) model [9] [10] [11] is SU (5) × U (1) X , which may be embedded into the SO(10) model. There are only two other flipped SU (5) models, which are from orbifold compactification [12, 13] . We refer the reader to Refs. [4] [5] [6] [7] [8] and references therein for a detailed description of the minimal flipped SU (5) model. We introduce here the XF , XF , Xl, and Xl vector-like particles (flippons) of Ref. [8] at the TeV scale to achieve string-scale gauge coupling unification [14] [15] [16] . In string models, the masses for vector-like particles cannot be generated at stringy tree level in general since the generic superpotential is a trilinear term. Interestingly though, vector-like particle masses can be generated via instanton effects and then are exponentially suppressed. Therefore, we can obtain vector-like particle masses around the TeV scale naturally by considering proper instanton effects. The alternative method to realize TeV-scale masses for vector-like particles is the Giudice-Masiero mechanism via high-dimensional operators in the Kähler potential [17] .
Supersymmetry breaking must occur near the TeV scale given that mass degeneracy of the superpartners has not been observed. Supergravity models, which are GUTs with gravity mediated supersymmetry breaking, can completely characterize the supersymmetry breaking soft terms by four universal parameters (gaugino mass M 1/2 , scalar mass M 0 , trilinear soft term A 0 , and the low energy ratio of Higgs vacuum expectation values (VEVs) tan β), in addition to the sign of the Higgs bilinear mass term µ of the superpotential µH d H u term.
NUMERICAL METHODOLOGY
The mSUGRA/CMSSM high-energy boundary conditions M 1/2 , M 0 , and A 0 are applied at the M F scale near M F ≃ 5 × 10
17 GeV (as opposed to an application at the traditional GUT scale of about 10 16 GeV in the MSSM), along with tanβ, coupled with the vectorlike flippon mass decoupling scale M V . The General NoScale F -SU (5) parameter space is sampled within the limits 100 ≤ M 1/2 ≤ 5000 GeV, 100 ≤ M 0 ≤ 5000 GeV, −5000 ≤ A 0 ≤ 5000 GeV, 2 ≤ tanβ ≤ 65, and 855 ≤ M V ≤ 100, 000 GeV. The most recent LHC constraints on vector-like T and B quarks [18] establish lower limits of about 855 GeV for (XQ, XQ c ) vector-like flippons and 735 GeV for (XD, XD c ) vector-like flippons. Therefore, we set our lower M V limit at M V ≥ 855 GeV given that we employ a universal vector-like flippon decoupling scale. A sufficient range of the top quark mass is allowed around the world average [19] , implementing liberal upper and lower limits in our analysis of 171 ≤ m t ≤ 175 GeV. The WMAP 9-year [20] and 2015 Planck [21] relic density measurements are applied, where we constrain the model to be consistent with both data sets and permit the inclusion of multi-component dark matter beyond the neutralino, imposing limits of Ωh 2 ≤ 0.1300. Consistency with the most recent LHC gluino search is strictly implemented, imposing a hard lower limit on the gluino mass in the model space of M g ≥ 1.9 TeV [1] . A lower limit on the light stop mass of M t1 ≥ 900 GeV [1] is also imposed, though the gluino constraint just noted persists as a much stronger constraint in the F -SU (5) model space.
Our theoretical calculation of the light Higgs boson mass is allowed to float around the experimental central value of m h = 125.1 GeV [2, 3] , where we employ the larger boundaries of 123 ≤ m h ≤ 128 GeV to account for at least a 2σ experimental uncertainty in addition to a theoretical uncertainty of 1.5 GeV in our calculations. The precise value of the flippon Yukawa coupling is unknown, thus we allow the coupling to span from minimal to maximal in our light Higgs boson mass calculations. At a minimal coupling, our theoretically computed light Higgs boson mass consists of only the 1-loop and 2-loop SUSY contributions, primarily from the coupling to the light stop. This computation must return a value of m h ≤ 128 GeV, where a SUSY only contribution to the Higgs mass at this maximum of 128 GeV implies a minimal vector-like flippon contribution. At the maximal coupling, the (XD, XD c ) flippon Yukawa coupling is fixed at Y XD = 0 and the (XU, XU c ) flippon Yukawa coupling is set at Y XU = 1, with the (XD, XD c ) flippon trilinear coupling A term set at A XD = 0 and the (XU, XU c ) A term fixed at A XU = A U = A 0 [5, 22] . The result of the calculation assuming a maximal coupling must give m h ≥ 123 GeV, as this is the maximum Higgs boson mass for any particular point in the model space. Given the intersection of these dual constraints within 123 ≤ m h ≤ 128 GeV on our theoretical computations of the light Higgs boson mass, for each discrete point in the parameter space we simultaneously uncover both the minimally and maximally allowed Higgs boson mass when coupled to the vector-like flippons.
The viable region of the model space is constrained beyond the top quark mass, light Higgs boson mass, and relic density measurements by further application of rare decay and direct dark matter detection experimental results. The rare decay experimental constraints consist of the branching ratio of the rare b-quark decay of Br(b → sγ) = (3.43 ± 0.21 stat ± 0.24 th ± 0.07 sys ) × 10 −4 [23] , the branching ratio of the rare B-meson decay to a dimuon of [24] , and the 3σ intervals around the SM value and experimental measurement of the SUSY contribution to the anomalous magnetic moment of the muon of −17.7 × 10 −10 ≤ ∆a µ ≤ 43.8 × 10 −10 [25] . Regarding direct dark matter detection, the constraints applied are limits on spinindependent cross-sections for neutralino-nucleus interactions derived by the Large Underground Xenon (LUX) experiment [26] and the PandaX-II Experiment [27] , and limits on the proton spin-dependent cross-sections by the COUPP Collaboration [28] and XENON100 Collaboration [29] .
Twenty million points in the General No-Scale F -SU (5) parameter space are sampled in a random scan applying the mSUGRA/CMSSM boundary conditions at the M F scale.
The SUSY mass spectra, relic density, rare decay processes, and direct dark matter detection cross-sections are calculated with MicrOMEGAs 2.1 [30] utilizing a proprietary mpi modification of the SuSpect 2.34 [31] codebase to run flippon and General No-Scale F -SU (5) enhanced RGEs, utilizing non-universal soft supersymmetry breaking parameters at the scale M F . The Particle Data Group [32] world average for the strong coupling constant is α S (M Z ) = 0.1181 ± 0.0011 at 1σ, and we adopt a value in this work of α S = 0.1172 nearer to the lower limit.
Results of these calculations are listed in TABLE I 
PHENOMENOLOGICAL RESULTS
The No-Scale F -SU (5) model space with the mSUGRA/CMSSM SUSY breaking terms implemented is constrained via the experimental results outlined in the prior section, with the exception of the LUX and PandaX-II spin-independent cross-sections, which we shall apply after rescaling to account for multicomponent dark matter. The surviving viable parameter space consists of five distinctive regions, which we segregate based upon LSP composition. We shall show that each of these five dark matter scenarios have characteristic phenomenology and can be distinguished by means of the particle states emanating from the SUSY cascade decays. As discussed, the one-parameter version of F -SU (5) generates a unique SUSY mass spectrum of M t1 < M g < M q , which does manifest again in one of the five current scenarios, though the typical mSUGRA/CMSSM SUSY spectrum of M g < M t1 < M q The five disparate regions of the model space are depicted in FIGs. 1 -4, highlighting the stau coannihilation, Higgs Funnel, and Higgsino LSP. All of these regions are mostly segregated from each other in FIGs. 1 -4 , where the null space in between the regions is primarily the result of the application of experimental constraints on the gluino mass, light Higgs boson mass, and relic density. The latest constraints on the WIMP-nucleon spinindependent cross-sections published the LUX [26] and PandaX-II [27] experiments are applied as a function of the LSP mass to the General No-Scale F -SU (5) model in  FIG. 1. In FIG. 1 the cross-sections have been rescaled in accordance with Eq. (1) for those points with relic densities less than the WMAP9 and Planck observations. The LUX and PandaX-II constraints are in fact strong enough to exclude a rather large swath of the model space with spin-independent cross-sections greater than about 10 −9 pb for heavier LSP masses, that would otherwise satisfy all the alternate experimental constraints applied (gluino mass, light Higgs boson mass, relic density). Further shown is the upper boundary on coherent neutrino scattering from atmospheric neutrinos and the diffuse supernova neutrino background (DSNB), which may serve as a lower limit on direct detection probes of WIMPnucleon scattering events. Note though that the entire Of particular note in TABLE I are the vector-like flippon mass scales M V , which are allowed to be rather light, and in fact less than 1 TeV. This is in sharp contrast to the one-parameter version of No-Scale F -SU (5) where the flippons bounds must be M V ∼ 23 − 50 TeV, as this lighter 1 TeV mass scale affords possible production of flippons at the LHC2 (those with the M V value in boldface type in TABLE I). It is also significant that several of the SUSY spectra in TABLE I remain testable by the LHC2, permitting possible probing of the Stau Coannihilation, Higgs Funnel and Higgsino regions within the Run 2 schedule, a circumstance not necessarily achievable by minimal models such as SU (5) with mSUGRA/CMSSM SUSY breaking soft terms that also support stau coannihilation along with a Higgs Funnel and higgsino LSP.
Testing the General No-Scale F -SU (5) model requires identifying observable signatures associated with each of the five dark matter regions. The leading cascade decay channels are highlighted in TABLE III for all regions. Note that there is only a negligible difference between the Higgsino and Mixed models with respect to the gluino branching ratios, hence we group them together in TA-BLE III. Clearly the decay options proliferate for the gluino when it is lighter than the light stop, and therefore do not provide a dominant signature with which to identify that region of the parameter space. As such, the four models with M g < M t1 show no channel with a branching ratio greater than about 30%, and thus do not possess a dominant decay mode. On the contrary, the gluino in the one-parameter version of No-Scale F -SU (5) will decay to a light stop and hence tt 100% of the time [6] and the stau coannihilation region of General No-Scale SUGRA with M t1 < M g also shows a reasonably large branching ratio of about 62% to a tt, thus these provide a much stronger singular decay channel. The fact that the tt production does vary considerably between the five different regions does though present an opportunity to utilize the tt channel as a tool with which to discriminate between all the regions, and furthermore, differentiate the one-parameter version of No-Scale F -SU (5) [8] from General No-Scale F -SU (5). The g → tt branching ratios are itemized in TABLE IV, displaying very evidently the divergence in this channel. Each gluino that results in a tt can produce up to six hadronic jets, with two b-jets among them, therefore manifesting as a large multijet event at the LHC, particularly with pairproduced gluinos. Large multijet events are the characteristic signature of the one-parameter version of NoScale F -SU (5) [4] , and TABLE IV shows that the number of multijet events could potentially be used to identify all the models studied here.
While the gluino decay modes can be utilized to discriminate amongst the regions of varied dark matter scenarios, in contrast, the squark channels are reason- ably consistent throughout the model space. Identifying q = ( u, d, c, s), and simply computing an approximate average between branching ratios of right-handed squarks q R and left-handed squarks q L , we find a mean branching ratio for q → g + q of about 75%. On the other hand, the light stop decay modes are more diverse given that it can be lighter or heavier than the gluino. Similar to the oneparameter version of No-Scale F -SU (5), the light stop in the General No-Scale F -SU (5) Stau regions will produce a top quark via t 1 → t+ χ 0 1 100% of the time. This can be attributed to the light stop being lighter than the gluino, or in the case of the Stau region with M g < M t1 , the mass delta is rather small with the two sparticles nearly degenerate. The situation is not as clean in the remaining model space where the gluino is much lighter than the light stop, as the primary channel for the light stop in each region will be t 1 → g + t at 40% (Higgsino), 36% (Higgs Funnel), and 31% (Mixed).
An intriguing aspect to recognize in TABLE III regards the tth state in the Higgs Funnel, which is the production of a light Higgs boson in tandem with a tt. The tth production cross-section via off-shell top quarks in the Standard Model is well known and is used as a direct measurement of the tree-level top Yukawa coupling. This places strong limits on supersymmetric contributions to gluon fusion processes, and interestingly, strong tth production has been observed at the LHC [33] . While the branching ratio tth in the General No-Scale F -SU (5) Higgs Funnel is a mere 9%, this does suggest possible non-negligible production of these events in the current LHC Run 2.
